Abstract Access to human pluripotent cells theoretically provides a renewable source of cells that can give rise to any required cell type for use in cellular therapy or bioengineering. However, successfully directing this differentiation remains challenging for most desired endpoints cell type, including renal cells. This challenge is compounded by the difficulty in identifying the required cell type in vitro and the multitude of renal cell types required to build a kidney. Here we review our understanding of how the embryo goes about specifying the cells of the kidney and the progress to date in adapting this knowledge for the recreation of nephron progenitors and their mature derivatives from pluripotent cells.
Introduction
The kidney is a complex organ with a highly constrained architecture and more than 20 distinct mature cellular phenotypes, all of which are required for this organ to regulate fluid balance, nitrogenous waste removal, acid-base homeostasis, hematocrit, and bone density. This cellular and structural complexity represents a significant challenge with respect to repair or prolongation of function. All of the 200,000 to 1.8 million nephrons present in a human kidney [1] are formed in utero, however the progenitor population from which these nephrons are formed does not persist into postnatal life [2] . Therefore, whether renal disease presents at birth or later in life, prolongation of renal function followed by replacement in the form of dialysis or transplantation is the only option available to the patient.
While preferable, only a portion of end-stage renal patients will receive a transplant due to limited availability and the requirement for immunological matching. However, there have been several recent breakthroughs in the field of bioengineering that may ultimately represent feasible approaches to the recreation of functional kidneys or kidney-equivalents. These include bioprinting and recellularization of tissue scaffolds. Bioprinting is the process in which cells are suspended in a biogel and robotically "printed" into three dimensional structures for the replacement of tissues [3, 4] . This has proven successful for tissues such as the bladder, pinna of the ear, and blood vessels [5, 6] . While currently limited by printer resolution and methods for the culture of large complex organs, it is hoped that bioprinting may eventually result in the recreation of adult organs including kidney [4] . In contrast, recellularization involves the use of the organ itself as a scaffold into which new cells can be placed [7] . Researchers recently reported the successful decellularization of a human kidney via a process of detergent perfusion, with the resulting organ maintaining an intact extracellular scaffold [8] . As a proof of concept, a decellularized rat kidney scaffold was successfully repopulated with both an intact endothelium and a tubular epithelium via cellular infusion under negative pressure. The resulting organ was successfully transplanted into a host animal without major hemorrhage and with some evidence of appropriate cellular function. The cells used for repopulation of the tubular epithelium were harvested from sacrificed neonatal rat kidney, an inappropriate cell source for human recipients.
Both of these advances cannot be realized without a source of human cells. While possible as a source of scaffolds, reliance on access to cadaveric human material for renal cells is not feasible. One obvious solution would be the use of pluripotent stem cells, including either human embryonic stem cells (hESCs) or human induced pluripotent cell (hiPSC) (Fig. 1) . By definition, a pluripotent cell has the ability to form any mature cell type [9] . Significant progress has been made in the direct differentiation of hESC/iPSC to specific somatic cell phenotypes, including neurons, cardiomyocytes, pancreatic, and hematopoietic cells [10] [11] [12] [13] . If a direct differentiation protocol were developed for the generation of renal cell types, these might not only be of value for bioengineering but also for cellular therapies or as tools for nephrotoxicity screening. Indeed, the ability to generate a pluripotent state from an adult somatic cell (hiPSC) [14, 15] , and to edit the genome of the resulting cell line [16] , heralds the prospect of cellular therapies to overcome inherited renal diseases including Alport syndrome, Finnish nephropathy and possibly even polycystic kidney disease.
The directed differentiation of pluripotent cells to a given endpoint is of interest to many fields. Two main approaches have been taken. Unbiased high throughput chemical screens make no assumptions about the signaling mechanisms required. This approach has been successfully applied to screen for compounds able to maintain pluripotency or promote differentiation [17, 18] . The other approach is to use our understanding of the differentiation steps used by the embryo to move from the pluripotent state to a specific tissue cell type. This has been highly successful in the directed differentiation of pluripotent cells to hematopoietic, neural and cardiomyocytic endpoints. It is also the only approach that has been reported for the generation of renal cells. Here we will review the normal embryological processes involved in kidney organogenesis, discuss how this knowledge has been used as a framework for the differentiation of pluripotent cells to renal cell types and address the remaining challenges (Fig. 1) .
Pluripotency: the potential to start over
An embryonic stem cell is a pluripotent stem cell which is able to give rise to all three germ layers (http://stemcells.nih.gov/ info/basics/pages/basics1.aspx). The gold standard assay for testing pluripotency is the spontaneous formation of teratomas, an assay frequently performed for ES cells of any species via injection into the testis of mice [19] . A more compelling evidence of pluripotency is the contribution of ES cells to the formation of all tissue types after reintroduction into a blastocyst. Germline transmission to form a clone indicates a capacity to even form gametes [20] . The use of hESCs for germline transmission, referred to as reproductive cloning, is illegal in most countries. However, the use of such cells to generate specific cell types for cellular therapies opens the door for novel approaches to regenerative medicine.
The first hESCs were isolated almost 15 years ago [21] . As self-renewing stem cells, such pluripotent cells may afford an ability to generate large numbers of the desired cell type for transplantation. However, the derivation of such pluripotent cell lines from the human blastocyst sparked considerable ethical debate internationally. Their use also raised the challenge of immunological rejection. In a landmark discovery, Takahashi et al. demonstrated that a fully differentiated somatic cell (initially a mouse fibroblast) could be "reprogrammed" to a pluripotent state via the enforced expression of four key transcription factors, Oct4, Sox2, Klf4, and c-Myc [15] . This proved to be transferable to human [16] and the generation of bona fide pluripotent cells has been demonstrated to be feasible from a wide array of somatic cell types (skin, blood, adipocytes) via a similarly wide array of gene delivery systems, including episomal systems that facilitate the generation of transgene-free and virus-free iPSCs [9] .
Much research has focused on the propagation and expansion of pluripotent cells without differentiation. There are a number of morphological differences between mouse and human ESCs. hESCs form flat colonies with features similar to epiblast stem cells and can be maintained in a pluripotent state in the presence of FGF2 and ActivinA. mESCs form reflective, raised colonies and require the addition of LIF and BMP4 for pluripotency [22, 23] [19] . An EB is formed via aggregation of a cluster of ESCs cultivated in bulk suspension within dishes coated with a nonadhesive material. The resulting EB undergoes spontaneous differentiation into all germ layers. Exposing EBs to distinct extrinsic factors results in differentiation that involves both the cell-autonomous response of cells within the EB and cell-cell interactions in three dimensions, as occurs during early embryogenesis. On the other hand, monolayer culture places the ESCs along a 2D surface. While this may limit the influence of neighboring cells on differentiation, the use of highly specific culture conditions (growth factors, concentration, and timing) may produce more robust and uniform differentiation to certain type of lineage.
The path from inner cell mass to mammalian kidney
The path from inner cell mass cell to kidney passes through primitive streak to definitive mesoderm and intermediate mesoderm (IM) with both the ureteric bud (UB) and metanephric mesenchyme (MM) being derived from IM. The decades of embryological research investigating the pathways involved in these processes cannot be comprehensively covered in this review. Below is a summary of the critical fate decisions required to reach kidney with a brief description of the role of growth factor families that have subsequently been employed by the field to recapitulate this process in vitro.
Primitive streak In order to direct the differentiation of pluripotent stem cells, understanding of embryogenesis and reproducing the in vivo condition is crucial. In the embryo itself, it is the inner cell mass (ICM) that represents the pluripotent cell population able to give rise to all cell lineages. The initial patterning event differentiating the ICM into the three primary germ layers (ectoderm, mesoderm, and endoderm) is called gastrulation. Gastrulation begins with the generation of the primitive streak (PS) which is divided into anterior and posterior ends based on differential gene expression (Fig. 2) . While the anterior PS forms endoderm, giving rise to tissues including the gut, liver and lung, the posterior PS develops into definitive mesoderm, which ultimately patterns to form tissues including the heart, muscles, blood, bone, kidneys, and gonad. The BMP/Activin/Nodal gradient along the dorsoventral axis of the embryo induces and patterns these two germ layers [24, 25] . Activation of Activin receptors leads to phosphorylation and nuclear translocation of heterodimeric Smad proteins that activate the Mixl1 promoter [26] , a marker of PS. The expression of other markers, including Brachyury (T) [27] and Eomes mark the forming mesoderm while sustained Mixl1 and Sox17 expression marks the endoderm [13, 28] . Specification of anterior PS is driven by synergistic Activin/ Nodal and Wnt/β-catenin signaling synergistically [29] whereas BMP signaling is considered critical in inducing mesodermal cell fates [30] . Mice deficient in BMP4 [31] , or the BMP receptors type I and II, failed to develop mesoderm [32, 33] , whereas blockade of BMP signaling in hESCs completely abolished mesoderm generation. Conversely, addition of BMP4 induced formation of a MIXL1 + mesendoderm (primitive streak) from hESC which were subsequently able to give rise to mesodermally derived hematopoietic precursors [13] .
Intermediate mesoderm Having reached posterior primitive streak/definitive mesoderm, this tissue is further patterned via dorsal-ventral gradients into at least four major populations: notochord (a transient 'embryonic backbone'), paraxial mesoderm (PM; future somites, i.e., progenitors of certain muscles and other connective tissues), intermediate mesoderm (IM; the precursor to the kidneys), and lateral plate mesoderm (LPM; includes progenitors of the heart, blood, and vascular cells). This differentiation is again patterned via growth factor gradients, as determined from studies using a variety of embryological models, including Xenopus, chick and mouse. In the chick, BMP4 is expressed in the LPM where it functions in an autocrine manner while the BMP antagonist, Noggin, produced by the spinal cord and notochord maintain PM [34, 35] . Fate commitment of the IM is also controlled by the dose-dependent activation of the BMP signaling cascade along this embryonic dorso-ventral axis [34, 36, 37] . In addition to BMP, retinoic acid (RA) is also known to regulate the body plan of the embryo along the anterior-posterior (A-P) axis. Reduced RA signaling in the posterior embryo is critical for the appropriate pattern of Hox gene expression [38, 39] . These Hox genes confer regional identity with Hox11 paralogs making the presumptive kidney [40] . However, some level of RA in the trunk mesoderm is necessary for nephric duct formation [41] . RA emanating from the paraxial mesoderm has also been suggested to be critical for the initial specification of renal progenitor cells [42, 43] .
Metanephros The IM gives rise to the urogenital tract, comprising the kidneys and gonads. In fact, three distinct 'kidney' fields are formed in a specific temporospatial pattern, starting from the cranially located pronephros, then the mesonephros and finally the caudally located metanephros. It is the metanephros that forms that final postnatal kidney. For all three of these structures, organogenesis involves the interaction between the nephric duct (also called the Wolffian duct or mesonephric duct) and the adjacent nephric cord, the block of mesoderm that runs the length of the nephric duct. As well as its earlier role in dorso-ventral patterning of the embryo, RA also appears to have an effect on induction of kidney from IM. Treatment of Xenopus embryos with RA and Activin A induced pronephric differentiation [44] . In mouse, ectopic expression of RA increases the size of the developing kidney, while blocking the pathway prevents kidney specification [43, 45] .
Formation of the nephric duct via a mesenchymal to epithelial transition (MET) within the IM is the earliest morphologic evidence of renal development. Formation of the metanephros is initiated via the secretion of glial-derived neurotrophic factor (GDNF) by MM adjacent to the caudal end of the nephric duct. This GDNF signal is transduced at the Ret receptor expressed in the nephric duct, mediating outgrowth of a Ret + UB. Once the UB has invaded the MM, it undergoes continuous dichotomous branching. The MM condenses around each ureteric tip to form the condensed or cap mesenchyme (CM) which in turn drives continued branching via GDNF secretion. Reciprocally, distinct signals from the ureteric tip drive maintenance/self-renewal and differentiation of the CM. It is the signal to differentiate, via a mesenchyme to epithelial transition (MET), which results in the formation of the nephrons which represent the basic functional and structural units of the kidney (reviewed in 46). Reciprocal signaling between these two compartments continues until the completion of nephrogenesis. The signal from the ureteric tip regarded as promoting MET/nephron formation is Wnt9b, mediated via canonical signaling, which in turn upregulates Wnt4 to drive Ca-mediated non-canonical signaling [46] . The maintenance of the CM can be supported via FGF2 and BMP7 in explant culture [47] , however FGF2 is unlikely to be the FGF ligand critical for this role in vivo [48] . Indeed, the combination of FGF2 and EGF or TGF-α has also been proposed to sustain CM in culture [49] and more recently FGF9 expression in the ureteric tip has been attributed a major role in survival of the CM [50] . BMP7 appears to induce CM differentiation via canonical Smad1/5 signaling [51] , but also supports CM proliferation via JNK-MAPK signaling [52] .
Mileposts of success
The successful generation of any given embryonic population requires an intimate understanding of the gene expression changes anticipated and the genes that mark specific endpoint states. While the PS expresses Mixl1 , the expression of Brachyury (T) [27] and Eomes identifies the forming mesoderm while sustained Mixl1 and Sox17 expression marks the endoderm [13] . One of the first specific markers upregulated in the IM of the mouse embryo is Osr1 (or Odd-skipped related-1; Odd1) [53] . The homeobox gene, Lhx1 (previously known as Lim1), is also induced in the developing IM, however it is initially expressed both in LPM and IM before becoming more restricted to IM [54] . Hence it may be the coexpression of Osr1, Lhx1, and Pax2 that is most specific to IM. In contrast, LPM is characterized by the expression of Foxf1 while PM expresses genes including Paraxis and Tbx6 [55] [56] [57] .
A number of genes are known to be required for the induction of MM from IM. Osr1 acts upstream of genes implicated in metanephros induction, including Eya1 and WT1, thereby promoting MM formation and survival [58] . The MM also expresses Six1, Sall1, and Hox11 orthologs including Hoxa11, Hoxc11 and Hoxd11 [40] . Fate mapping experiments showed that Osr1 + MM gives rise to not only the CM but also the stromal cells, the vasculature and the mesangium. Another Osr1 target is the transcription factor, Pax2 [59] , which functions redundantly with Pax8 and is involved in nephric duct formation and extension. Pax2 is also expressed in the MM. The nephric duct is also marked by Lhx1, Ret, Slit2, Hoxb7, and Gata3 expression, along with other markers (reviewed in 46).
While the CM continues to express many of these genes, the co-expression of Six2, WT1 and Cited1 is characteristic of the self-renewing CM state [60] , whereas the onset of differentiation of CM to the early nephron marks the onset of expression of Fgf8, Wnt4, Ffgrl1, Cdh4, Cdh6, and Lhx1 [61] . This is followed by a series of morphological patterning and segmentation events that lead to the generation of distinct mature renal cell types including the proximal and distal tubular epithelium, loops of Henle and parietal (lining the Bowman's capsule) and visceral (podocytes) epithelium. While again few of these cells express genes located at no other time or place in embryogenesis, there are a large number of segment-restricted genes described for each cell type. Recent studies have defined gene expression signatures of different nephrons segments across developmental time and space [62] [63] [64] (see Fig. 3 ). Studies of freshly isolated or immortalized renal cell types have also identified markers of the mature differentiated cell state, particularly for cell types such as podocytes (including WT1, synaptopodin , nephrin) proximal tubule (including Aqp1 , Lrp2 , Slc3a1 ) and collecting duct (Aqp2 in principal cells; pendrin and AE1 in intercalated cells) (see Fig. 3 ). Such mature cells also show characteristic functional attributes, such as water transport, amino acid transport or acid-base regulation, that can also assist in defining their identity. Hence the tools are in place for assessing a successful outcome from directed differentiation to kidney.
Directed differentiation of mouse ES cells to kidney
The preceding literature describing factors known to drive kidney development has been used to guide most attempts at direct ESC differentiation to kidney. Table 1 summarizes the approaches taken using mouse ESCs. While most studies investigating the differentiation of mESC to kidney derivatives have relied on an understanding of embryology, early studies drew on spontaneous differentiation. Yamamoto et al. [65] examined teratomas for evidence of kidney differentiation, while Steenhard et al. [66] injected undifferentiated mESC into developing kidney showing integration into proximal tubules. The first specific attempt to generate kidney from mESC drew on the evidence that Activin A and RA are key growth factors for intermediate mesoderm differentiation. The addition of these growth factors together with BMP7 to EB cultures resulted in the induction of Pax2 + cells that could integrate into proximal tubules in an embryonic kidney [67] . In most subsequent attempts, some combination of these three factors has been added to mESC-derived EBs [68] [69] [70] [71] [72] Fig. 3 Temporal gene expression patterns during renal development from posterior primitive streak to mature renal cell types. This framework illustrates the steps involved in forming renal cell types from the IM stage illustrating gene expression by compartment/cell type across development, as well as the interplay between the UB and NP populations that allows nephron formation via a mesenchyme to epithelial (Mes to Epith) transition. It also shows the spectrum of different mature epithelial cell types generated from the renal vesicle or from the UB after this event and illustrates markers used to identify stages of differentiation as well as mature cell types. IM, intermediate mesoderm; ND, nephric duct; UB, ureteric bud; UTip, ureteric tip; U Stalk, ureteric stalk/branch; PC, Principal cell; IC, intercalated cell; MM, metanephric mesenchyme; CM, cap mesenchyme (nephron progenitor); RV, renal vesicle (Stage 1 nephron) ; DT, distal tubule; PT, proximal tubule; POD, podocyte. Note that many of the genes involved in MET in the mesonephros are shared with that of the metanephros, however no CM or UB form [84] . The mesonephric mesenchyme is also lacking expression of Hoxa11/d11 studies, and has included evidence for Pax2 + or Aqp + cells, as determined by gene expression of presence of protein, and/or integration into developing murine kidneys (see Table 1 ). However, neither of these genes identifies a specific cell type within the kidney and both are also expressed in many other tissues. Indeed, none of these studies provided clear evidence of the formation of nephron progenitor cells with the potential to differentiate into all components of the nephron. This reflected the lack of known CM markers at the time and the complexity of the differentiation process within EBs, the latter making them relatively intractable for monitoring outcomes or the regulation of cell fate induction towards the desired phenotype in a stepwise manner. Other studies performed stepwise differentiation under monolayer culture conditions [73, 74] , showing evidence for gene expression changes consistent with differentiation through definitive mesoderm and IM to MM. Nishikawa et al. [73] used a successive combination of ActivinA, BMP4, LiCl and RA to induce Brachyury (T)-expressing mesoderm followed by Pax2 + intermediate mesoderm. The subsequent addition of conditioned media from a ureteric bud cell line (CMUB-1) induced the metanephric mesenchymal genes GDNF, WT1 and Cdh11. This suggested that the secretion of unknown factors from the UB cells contributed to MM development, highlighting the critical nature of reciprocal interactions between the UB and the MM in kidney differentiation. However, none of these studies included analyses of Six2. It is very likely that additional factors are required for the optimal generation and subsequent support of a cap mesenchymal state. As noted, recent studies have implicated FGF9 [50] , low levels of canonical Wnt signaling [75] and inhibition of pSMAD1/5/8 signaling [51] in CM maintenance, suggesting further options for the optimization of this stage.
While there has been significant attention paid to the CM as the nephron progenitor population, the kidney contains at least two other progenitor populations; the ureteric progenitors which give rise to the collecting ducts/ureter and the stromally located vascular progenitors [46] . Little attention has been paid to the generation of the ureteric progenitor population from mESCs. GDNF-Ret signaling is regarded as essential for the support of this compartment during development. Hence, success might be identified as the formation of a Ret + epithelial population, presumably in response to the addition of GDNF. While in vitro culture conditions for mouse UB have not been well established, rat primary UB cells can be maintained with TGFα, EGF and low concentrations FBS (1-2 %) [76] . Ret expression in the UB has been reported to rely upon expression of the RA-synthesizing enzyme retinaldehyde dehydrogenase (Raldh2) in the adjacent stroma and freshly isolated mouse UB can remain Ret + in vitro only in the presence of RA [77] . To date, these conditions have not been investigated for the purposes of mESC differentiation into ureteric progenitors.
Progress on forming kidney from human pluripotent cells
In comparison to mESC, there have been fewer reports of attempts to direct the differentiation of human pluripotent cells to kidney (Table 1) . Lin et al. [78] approached the problem by reducing the concentration of serum to encourage spontaneous mesoderm differentiation and then fractionating EB cultures based on their expression of three markers; presence of CD24 and podocalyxin, both proposed to mark MM [79] , and absence of GCTM2, a cell surface marker of pluripotency. The CD24
GCTM2
-fraction contained WT1 + PAX2 + cells and displayed an expression profile more similar to embryonic kidney than other fractions. This suggests that hESC are able to form a nephrogenic IM. This is supported by Mae et al. [80] who report the directed differentiation of hESCs and iPSCs into IM using a combination of Activin A and the GSK-3β inhibitor, CHIR. Subsequent addition of BMP7 and CHIR resulted in evidence of an OSR1 + IM and further differentiation suggested isolated instances of mature kidney cell types, however this was not extensively analyzed. As noted previously, in mouse Osr1 is known to be expressed in the MM of the kidney but also prior to that in IM and, to a lesser extent, LPM. Indeed, Osr1 marks trunk mesoderm and is relatively broadly expressed in cells in culture, including mesenchymal stem cells [81] . Hence, while the hESC differentiated to an OSR1 + state may include MM, further analyses are required to assess whether a robust CM was induced. Narayanan et al. [82] showed hESCs could spontaneously differentiate into AQP1 + cells at 12 % efficiency after 20 days monolayer culture on Matrigel in a renal epithelial supportive media. This efficiency was improved to more than 30 % by the addition of BMP2 and BMP7. These authors compared the expression pattern and functional properties of the resulting differentiated hESCs with primary human proximal tubule cells. They report a similar expression profile and functional evidence for response to parathyroid hormone, γ-glutamyl transferase (γGT) activity, ammonia production and water transport. Finally, Song et al. [83] took a single step approach to the directed differentiation of human iPSC to mature kidney cell types. iPSC-derived EBs were cultivated with Activin A, BMP7 and RA for 20 days, forming cells with a podocytic morphology and positive for SYNPO expression. Moreover, these cells actively endocytosed albumin uptake in a similar fashion to a primary podocyte cell line.
The challenge of defining success
While these studies are beginning to show evidence of differentiation towards potential renal endpoints, a major imperative for the field is to define and identify success. In vitro, the identification of a CM/nephron progenitor population is challenged by the lack of any one definitive gene or protein unique to this cell type. Gene expression analysis must involve multiple markers and accompanying co-immunoreactivity for more than one protein within the same cell is required to support any claim of a successful phenotype. More importantly, functional evidence that a CM/nephron progenitor state has been reached must be provided and this will involve demonstration of nephron formation. Present evidence for this does not extend beyond in vitro epithelialization or poorly characterized evidence for contribution to an embryonic explant. Some studies only provide data on the relative levels of gene expression of one of more renal cell types within what is a mixed culture.
The generation of a mature cell type with characteristic morphology and functional properties would appear to be an easier target than differentiation to a progenitor. However, in contrast to endpoints such as neurons or cardiomyocytes, properties such as the capacity to endocytose albumin or express a water channel are not unique to podocytes or proximal tubule cells. In vivo, functional "proof of concept" has relied upon evidence for integration into embryonic or neonatal explant cultures. Few studies have carefully identified the phenotypes of the introduced cells and even fewer studies present comparisons with the introduction of undifferentiated pluripotent cells into the same tissue. The field has also not settled on what cell types need to be generated for what purposes. The advent of iPSC opens the door for gene editing to correct inherited mutations within patient-derived lines [16] (Fig. 1) . Podocyte differentiation of such lines might allow cellular therapies for conditions such as Alport syndrome or Finnish nephropathy. The proof of differentiation to this endpoint would be evidence for function in the recipient adult organ, however delivery of the resulting cells remains a major obstacle. A much broader repertoire of renal cell types would be required for the seeding of a decellularized renal scaffold or the bioprinting of an adult organ. To achieve this, the specificity and efficiency of differentiation approaches must improve, together with the tools used to assess success and to purify/isolate the desired cellular endpoints.
Despite these major hurdles, progress towards the generation of renal cells from pluripotent cell sources is gaining momentum. The advances required to turn the possible into the plausible will include further insights into the specification, maintenance and differentiation of renal cellular compartments. Hence, we continue to need to learn from the embryo itself.
